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A geometrically  similar  family  of  three  supercavitating 
hydrofoils  was  tested  in  the  M.I.T.  variable  pressure  water 
tunnel.  The  half-span  foils  were  of  elliptical  planform; 
the  ratio  of  foil  half-span  to  tunnel  height  was  1/4  for  the 
small  foil,  1/2  for  the  medium  foil,  and  3/4  for  the 
largest  foil.  The  tunnel  was  of  square  cross  section.  Lift, 
drag,  moment,  tunnel  speed,  ambient  pressure,  and  cavity 
pressure  were  measured  for  attack  angles  from  8 to  21  degrees 
and  a variety  of  ambient  pressure  settings;  cavity  length 
measurements  were  obtained  from  photographs.  Results  were 
compared  with  theoretical  results  obtained  by  Leehey,  and 
also  with  a more  detailed  numerical  lifting  surface  procedure 
developed  by  Jiang  and  Leehey . For  the  small  and  medium  foils, 
it  was  sufficient  to  correct  only  for  the  effect  on  downwash 
of  the  images  of  the  trailing  vortices.  The  large  foil  data, 
however,  required  further  correction;  upon  application  of  the 
same  corrections  which  were  applied  to  the  data  for  the  two 
smaller  foils,  the  force  and  moment  data  for  the  large  foil 
plotted  slightly  lower  than  did  the  data  for  the  two  smaller 
foils,  while  the  cavity  length  data  for  the  large  foil 
indicated  cavity  lengths  significantly  larger  than  for  either 
of  the  theoretical  predictions  or  the  cavity  length  data  for 
the  two  smaller  foils.  Through  the  application  of  existing 
two-dimensional  corrections,  the  force  data  for  the  large 
foil  were  brought  into  close  agreement  with  the  force  data  . 
for  the  two  smaller  foils,  but  no  suitable  correction  factors 
exist  for  the  cavity  length  data. 
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NOMENCLATURE 


foil  leading  edge  bevel  length;  see  Fig.  2 

2 

aspect  ratio  = 2s  /S 

foil  mean  chord,  measured  at  centroid  position 
foil  root  chord 

tunnel  correction  factor  for  influence  of  images 
of  trailing  vortex  system 


+ AC 


°i 


drag  coefficient  = total  drag  _ q 

{l/2)pu2s  uncor 

uncorrected  drag  coefficient,  as  calculated  from 

the  raw  experimental  data  = 

(l/2)pu2s 


drag  coefficient,  corrected  for  blockage;  see 
equation  (1) 

change  in  induced  drag  due  to  effect  of  images 
of  trailing  vortex  system 


lift  coefficient 


measured  lift 

(l/2)pu2s 


two-dimensional  lift  coefficient;  see  equation 
(II-5) 


moment  coefficient  about  the  midchord 


point 


moment 

(1/2) pu2sc 


tunnel  height  “ 51  cm 

cavity  length  as  a function  of  spanwise  position; 
measured  from  leading  edge 

cavity  length  at  centroid  position;  measured 
from  midchord 

minimum  pressure  along  tunnel  wall  in  vicinity 
of  cavity 


p«> 

Pv 

p 

Pu,D 

q(x,2) 

s 

ASij 

S 

So 

t 

u,v 

u 


x^{z) 


x,y,z 


measured  cavity  pressure 

upstream  tunnel  static  pressure  at  the  spanwise 
position  of  the  foil  centroid 

vapor  pressure  of  water 

tunnel  static  pressure  controller  setting 

static  pressure  signal  to  controller  from 
upstream,  downstream  tunnel  static  pressure 
taps;  see  Fig.  3 

strength  of  discrete  source  located  in  the 
(i,j)-th  element 

source  strength  at  (x,z) 

foil  half-span 

element  length  for  (i,j)-th  element 
planform  area  of  half-spem  model 
tunnel  test  section  cross-sectional  area 
thickness  of  hydrofoil 

perturbation  velocities  in  the  x,y-directions 

water  velocity  one  meter  upstream  of  dynamometer 
shaft  axis 

maximum  water  velocity  (at  point  of  minimum 
pressure,  pj^)  in  vicinity  of  cavity 

chordwise  coordinate  of  leading  edge  as  a 
function  of  spanwise  position 

distance  of  cavity  pressure  tap  from  midchord 

foil  coordinates;  see  Fig.  2 

distance  of  centroid  of  half-span  foil  model 
from  midspan 

distance  of  cavity  pressure  tap  from  midspan 
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geometric  angle  of  attack  with  reference  to 
tunnel  side  wall;  when  used  in  Appendices  II 
and  III,  a indicates  angle  of  attack  in  a free 
stream 

"true"  angle  of  attack,  as  corrected  for  effects 
of  images  of  trailing  vortices  = a + Aa^ 

change  in  angle  of  attack  due  to  effect  of 
images  of  trailing  vortices 

arctan  (2a/o  ) 
c 

strength  of  discrete  vortex  located  in  (i,j)-th 
element 


Y (x,  z) 


vortex  strength  at  (x,z) 

ratio  of  foil  frontal  width  to  tunnel  width; 
see  equation  (3) 

ratio  of  foil  frontal  area  to  tunnel  cross- 
sectional  area  (without  foil) ; see  equation  (4) 

dummy  variables  in  the  x, z-directions 

density  of  water 

cavitation  number  based  on  measured  cavity. 


pressure  = 


(1/2)PU^ 


cavitation  number,  based  on  vapor 


pressure  = 


(1/2) PU^ 


cavitation  number,  corrected  for  blockage;  see 
equations  (2)  and  (5) 

cavitation  number,  based  on  pj^,  p^,  and  V, 

the  maximum  water  velocity  = — Eb_£c 

(1/2)pv2 
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INTRODUCTION 

Corrections  for  water  tunnel  wall  effects  during  the 
testing  of  subcavitating  hydrofoils  are  essentially  the 
same  corrections  developed  fifty  years  ago  for  use  in  wind 
tunnel  testing  of  airfoils;  references  [1]  and  [2]  are 
standard  texts  in  this  area.  Only  within  the  last  twenty 
years  have  wall  effects  been  considered  in  the  case  of 
supercavitating  hydrofoils,  with  the  majority  of  theoretical 
and  experimental  work  concentrated  on  two-dimensional  hydro- 
foils. The  problem  of  blockage  can  be  significant;  the 
shape  of  the  foil  and  cavity  combination  must  be  known  in 
order  to  apply  a blockage  correction  of  the  type  utilized  in 
sxibcavitating  flow.  Unfortunately,  this  proves  to  be  an  area 
of  great  difficulty  in  the  various  theories.  Corrections  to 
drag  coefficient  and  cavitation  number  for  the  two-dimensional 
pure-drag  case  are  given  in  references  [3]  through  [7];  a 
nonlinear  theoretical  model  of  the  two-dimensional  lifting 
problem  is  formulated  in  reference  [6].  In  reference  [8], 
Baker  converts  this  model  into  a computer  program  which 
numerically  calculates  the  wall  effect  on  two-dimensional 
hydrofoils  of  arbitrary  shape.  It  was  hoped  by  Baker  that 
these  results  would  prove  adequate  for  application  to  flows 
over  high  aspect  ratio  hydrofoils.  Prior  to  the  current 
research,  a systematic  series  of  experiments  which  exhibit 


wall  effects  on  a geometrically  similar  family  of  hydrofoils 
had  not  been  carried  out  in  either  the  two-  or  three- 
dimensional  case.  The  purpose  of  the  present  research  is 
to  make  available  data  on  a geometrically  similar  family  of 
three  supercavitating  hydrofoils  of  finite  span,  and  to  apply 
existing  two-dimensional  corrections  in  an  attempt  to  bring 
the  data  into  agreement  with  three-dimensional,  unbounded 
flow  theory. 
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EXPERIMENTAL  APPARATUS  AND  PROCEDURE 


Apparatus 

The  experiments  were  conducted  in  the  M.I.T.  recircula- 
ting, variable  pressure  water  tunnel  (Fig.  1).  The  test 
section  is  51  cm  square  in  cross-section,  and  147  cm  long. 
Test  section  velocity  was  continuously  variable  between  0 
and  9.1  m/sec;  a manometer  indicated  the  difference  in 
pressure  across  a contraction  in  the  tunnel  one  meter  up- 
stream of  the  dynamometer  axis.  This  manometer  had  been 
previously  calibrated  using  a pitot  tube  in  the  test  section. 
The  assumption  was  made  that  the  blockage  caused  by  the  foil 
and  cavity  combination  did  not  affect  the  manometer 
appreciably.  Test  section  static  pressure  was  variable 
between  60  mm  Hg  absolute  and  atmospheric  pressure;  static 
pressure  readings  were  taken  using  a mercury  manometer 
connected  to  either  or  both  of  two  taps  on  the  centerline 
of  a side  wall  of  the  test  section.  These  taps  were 
located  62  cm  upstream  and  downstream  of  the  hydrofoil 
dynamometer,  which  was  located  at  the  center  of  the  test 
section . 

Foil  dimensions  are  given  in  Fig.  2.  The  three  half- 
speui,  aspect  ratio  five  foils  had  sharp  leading  edges. 
Geometrically  similar  elliptical  planforms  were  chosen  even 
though  foils  of  this  type  were  more  difficult  to  fabricate 
than,  for  ex^unple,  foils  of  rectangular  planform;  elliptical 
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planform  foils  exhibit  less  tip  loading  effect  than  do 
rectangular  planform  foils,  thereby  rendering  them  more 
aunenable  to  analysis.  Each  foil  was  drilled  with  a hole 
terminating  in  a pressure  tap  on  the  cavity  side  of  the 
foil.  The  medium-sized  foil  was  the  aspect  ratio  five  foil 
utilized  by  Leehey  and  Stellinger  [9],  except  that  the 
cavity  pressure  tap  was  relocated  to  a position  nearer  the 
tip.  The  composition  of  the  medium  foil  was  of  type  304 
stainless  steel,  while  that  of  the  small  and  large  foils 
was  of  type  614  aluminum  bronze.  Each  foil  was  welded  to 
its  own  10.16  cm  dieuneter  mounting  plate;  the  mounting 
plates,  in  turn,  were  bolted  to  the  dynamometer  so  that 
the  small,  medium,  and  large  foils  protruded  1/4,  1/2,  and 
3/4  of  the  way,  respectively,  downward  from  the  top  window 
into  the  test  section. 

The  dynamometer  was  capable  of  measuring  three 
moment  and  three  force  components,  but  only  the  moment 
about  midchord  and  the  forces  tangential  to  and  perpendicular 
to  the  span  and  chord  were  measured.  Zero  geometrical 
angle  of  attack  was  set  by  aligning  the  flat  (wetted)  side 
of  each  foil  with  the  test  section  side  wall.  Upon 
alignment,  a sighting  telescope,  which  was  attached  to  the 
dyneunometer,  was  aligned  with  a scale  on  the  laboratory 
wall;  this  scale,  graduated  in  increments  of  0.05  degree, 
was  utilized  in  setting  the  geometrical  angle  of  attack. 
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Procedure 

Before  test  runs  were  begun  on  any  one  day,  the  tunnel 
was  operated  at  medium  velocity  for  twenty  minutes  at  a 
pressure  of  300  mm  Hg  absolute;  this  removed  almost  all  of 
the  air  trapped  in  remote  locations  of  the  tunnel.  Prior 
to  each  test  run,  the  bubble  chcunber  shown  in  Fig.  3 was 
utilized  to  collect  and  draw  off  euiy  gases  or  air  which  may 
have  been  trapped  in  the  static  pressure  sensing  line;  once 
cleared  of  gases,  the  bubble  chamber  was  merely  a reservoir 
of  common  pressure.  On  the  other  hand,  small  cunounts  of  air 
were  bled  intermittently  into  the  cavity  pressure  sensing 
line  during  testing  in  order  to  keep  it  free  of  moisture. 

Each  foil  was  tested  at  a variety  of  attack  angles 
from  8 to  21  degrees.  The  lower  limit  of  8 degrees  was 
chosen  so  that  the  cavities  would  not  terminate  on  the  foil. 
For  all  test  runs,  the  test  section  velocity  was  set  at 
8.5  m/sec,  whereupon  static  pressure  was  reduced  until  a 
cavity  covered  the  entire  plemform.  Readings  were  taken 
of  lift,  drag,  moment,  static  pressure  (with  pressure  taps 
U and  D open;  see  Fig.  3) , cavity  pressure,  and  velocity. 

A Polaroid  photograph  was  taken  of  the  foil  and  cavity  from 
the  wetted  side  of  the  foil,  utilizing  an  exposure  time 
of  1/40  second  with  bottom  flood  lighting.  Pressure  tap  D 
was  then  closed,  and  the  s^une  readings taken;  reopening 
pressure  tap  D and  closing  pressure  tap  U,  the  seune  series 
of  readings  was  repeated  once  more.  (Photographs  were  not 
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taken  for  these  last  two  pressure  tap  combinations  since 
hardly  any  variation  in  cavity  shape  or  length  was  noted 
when  compared  to  the  situation  where  both  pressure  taps 
were  open.)  This  completed  the  measurement  of  three  data 
points  at  one  controller  setting.  Both  pressure  taps 
were  then  opened,  and  the  static  pressure  was  reduced  by 
20  to  30  mm  Hg,  whereupon  the  above  procedure  was  repeated. 
The  static  pressure  was  reduced  in  this  fashion  until  an 
excessive  number  of  recirculated  cavitation  bubbles  resulted 
in  either  extremely  poor  conditions  for  photography  or 
rapidly  fluctuating  instrument  readings.  Prior  to  and 
immediately  following  a run  of  this  type,  the  room  and 
water  temperatures  were  recorded,  as  were  the  tares  on  the 
instrumentation . 

A computer  progreun  was  utilized  in  the  data  reduction. 
Wetted  surface  frictional  drag  (for  each  foil  and  its 
movinting  plate)  and  dynamometer  shaft  twist  were  taken  into 
account,  and  test  section  static  pressure  readings  were 
modified  for  static  head  difference  to  give  the  static 
pressure  at  the  vertical  position  of  the  foil  centroid. 
(Gravity  effects  were  otherwise  neglected.)  Cavitation 
number  was  computed  using  measured  cavity  pressure,  and 
also  by  using  vapor  pressure  at  the  ^unblent  water  temper- 
ature (computed  using  equation  (2)  on  page  151  of 
reference  [lO]).  Lift,  drag,  and  moment  coefficients 

i 

I 

I 




were  also  calculated.  Standard  wind  tunnel  corrections 
(as  dp'scribed  in  Appendix  1)  were  applied  to  the  data  to 
accou  for  the  effect  of  the  images  of  the  trailing 
vortic. this  resulted  in  an  increase  in  drag  coefficient 
and  also  in  an  increase  in  effective  angle  of  attack. 
Utilizing  the  photographs,  cavity  lengths  were  measured 
from  the  midchord  at  the  centroid  position. 
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RESULTS 

Experimental  results  were  compared  with  predictions 
from  Leehey's  linearized  theory  [ll],  which  utilizes  the 
method  of  matched  asymptotic  expansions;  the  theory  is  valid 
to  first  order  in  angle  of  attack,  and  to  second  order  in 
the  reciprocal  of  aspect  ratio.  Comparisons  were  also 
made  with  a more  detailed  linear  lifting  surface  calculation 
developed  by  Jiang  and  Leehey  [12].  This  numerical  theory 
is  expected  to  be  more  accurate  at  the  lower  values  of 
o„/a_,  where  the  cavity  length  is  the  same  size  as  the  foil 

C X 

span  or  longer;  it  should  also  be  more  accurate,  in  general, 
for  prediction  of  moment  coefficients.  Synopses  of  the 
theories  developed  in  references  [ll]  and  [12]  are  given 
in  Appendices  II  and  III,  respectively;  the  experimental 
data  are  given  in  Appendix  IV,  both  in  raw  form  and  with 
standard  wind  tunnel  corrections  (Appendix  I)  applied. 

The  wall  boundary  layer  momentum  thickness  was 
approximately  1.9  mm,  as  inferred  from  measurements  by 
Stellinger  under  similar  conditions  [9].  Since  less  than 
two  percent  of  the  wetted  surface  area  of  the  small  foil 
was  within  1.9  mm  of  the  upper  wall,  the  upper  wall 
boundary  layer  was  assumed  to  have  negligible  effect  on  the 
force  and  moment  coefficients  of  all  three  of  the  foils 


tested. 
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It  should  be  noted  that  the  only  correction  for  wall 
effect  which  has  been  applied  to  the  data  in  Figs.  4 
through  30  is  the  correction  for  the  effects  of  the  images 
of  the  trailing  vortices  (Appendix  I) . Also  worthy  of  note 
is  the  fact  that  the  supercavitating  condition  was  never 
achieved  for  the  small  foil  at  an  angle  of  attack  of  8 
degrees.  This  fact  bears  upon  the  lack  of  scaling  evident 
in  the  force  and  moment  data  of  Figs.  4,  12,  and  20  for  this 
foil.  This  matter  will  be  considered  again  in  the  sub- 
sequent discussion  section. 

Lift  (Figs.  4 through  11) 

There  was  very  good  agreement,  overall,  between 
theoretical  predictions  and  the  experimental  data.  For 
small  values  of  the  similarity  parameter  o^/a^  (i.e.,  for 
long  cavities),  there  was  much  better  agreement  with  the 
numerical  theory  than  with  the  asymptotic  theory;  in  this 
case,  the  foil  and  cavity  ccxnbination  no  longer  has  a 
large  aspect  ratio.  For  the  higher  values  of 
Leehey's  theory  appears  to  underpredict,  especially  at  the 
higher  angles  of  attack.  This  is  in  apparent  contradiction 
with  Fig.  4 of  reference  [9];  it  should,  however,  be  noted 
that  the  data  of  reference  [9]  were  based  on  cavitation 
numbers  calculated  with  vapor  pressure  rather  than  with 
measured  cavity  pressure.  It  can  be  seen  from  Figs.  32 


-19- 


through  35  of  the  present  work  that,  when  based  on  measured 
cavity  pressure,  the  cavitation  number  will  be  smaller,  so 
that  the  above  contradiction  is  only  apparent.  The  small 
and  medium  foil  data  plotted  almost  on  top  of  one  another, 
whereas  the  large  foil  data  plotted  lower  than  did  the  small 
and  medium  foil  data,  especially  at  attack  angles  greater 
than  11  degrees. 

Drag  (Figs.  12  through  19) 

When  the  effects  of  streamwise  foil  or  flow  curvature 

are  negligible,  linear  theory  predicts  Cj^  = so  that 

2 2 

the  drag  data  are  plotted  as  vs.  a^/a,j,.  plotted 

somewhat  higher  thcui  the  theoretical  predictions  except 
for  very  long  or  for  very  short  cavities.  As  with  the  lift 
data,  the  small  cuid  medium  foil  data  plotted  together,  with 
the  large  foil  data  plotting  somewhat  below  these,  the 
effect  becoming  more  pronounced  at  the  higher  angles  of 
attack. 

Moment  (Figs.  20  through  27) 

The  moment  coefficient  was  taken  about  the  midchord 
consistent  with  the  right-hand  rule.  As  pointed  out  by 
Leehey  and  Stellinger  [9],  Leehey's  matched  asymptotic 
expamsion  theory  neglects  lifting  surface  corrections 
(third  order  in  the  reciprocal  of  aspect  ratio)  for  the 
moment  coefficient.  It  is  not  surprising,  therefore,  that 
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the  current  experimental  data  agreed  best  with  the  more 
detailed  lifting  surface  theory  of  Jiang  and  Leehey  [l2j. 

The  load  cell  utilized  for  moment  measurements  on  the  small 
foil  was  of  inadequate  sensitivity,  and  consequently,  much 
of  the  small  foil  data  at  the  smaller  attack  angles  may  be 
less  accurate  than  the  data  for  the  medium  and  large  foils; 
comparisons  must  therefore  be  made  between  the  large  and  the 
medium  foil  data.  Once  again,  the  large  foil  data  plotted 
below  that  of  the  medium  foil,  especially  at  the  larger 
attack  cuigles. 

Cavity  Length  (Figs.  28  through  31) 

As  mentioned  previously,  cavity  lengths  were  measured 
from  midchord  at  the  centroid  position  rather  than  from  the 
leading  edge,  since  this  convention  was  utilized  by  Leehey 
Lll].  Cavity  length  (L)  was  nondimensionalized  on  the  foil 
mean  chord  (c) . The  cavity  length  data  for  the  small  and 
medium  foils  plotted  on  top  of  one  another  (Figs.  28  and  29); 
in  both  cases,  the  cavity  lengths  were  slightly  less  than 
those  predicted  by  theory,  but  the  overall  agreement  with 
theory  was  good.  In  contrast,  there  was  a marked  deviation 
in  the  large  foil  cavity  angth  (Fig.  30)  and  shape  (Fig.  31), 
especially  at  the  root,  where  local  blockage  was  the  worst. 
The  tip  vortices  seen  in  the  photographs  had  no  evident 
effect  upon  the  force  or  moment  coefficients.  Neither 
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Leehey's  matched  asymptotic  expansion  theory  nor  the  numer- 
ical lifting  surface  theory  developed  by  Jiang  and  Leehey 
accounts  for  the  roll-up  effects  which  produced  these 
isolated  trailing  vortices  in  the  wake. 

Representative  photographs  of  the  large,  medium,  and 
small  foils  at  the  same  angle  of  attack  and  at  approximately 
the  same  cavitation  number  are  shown  in  Fig,  31.  The  cavity 
shapes  shown  were  averaged  over  the  exposure  time  of  1/40 
second;  visual  observations  showed  that  the  instantaneous 
cavity  shape  was  highly  unsteady.  For  the  small  and  medium 
foils,  the  general  outline  of  the  cavity  was  elliptical, 
as  predicted  by  theory;  the  cavity  length  was  undoubtedly 
reduced  toward  the  tip  due  to  the  hydrostatic  pressure 
gradient  existing  in  the  tunnel. 

Cavitation  Number  (Figs.  32  through  35) 

Below  a cavitation  number  of  approximately  0.4,  there 
was  almost  no  difference  between  cavitation  number  calculated 
with  measured  cavity  pressure  or  with  vapor  pressure.  It 
should  be  noted  that  in  this  region  there  exists  a large 
variation  in  cavity  length  from  very  short  to  very  long. 

This  indicates  that  for  even  short  cavities,  where  ram 
effects  of  the  re-entrant  jet  from  the  cavity  end  have 
heretofore  been  thought  to  have  a pronounced  effect  on 
measured  cavity  pressure,  the  actual  cavity  pressure  was 
approximately  equal  to  the  vapor  pressure  of  the  water. 
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Above  a cavitation  number  of  0.4,  the  disparity  between 
0^  and  increased  with  increasing  cavitation  number;  the 
data  in  this  region,  however,  were  only  for  large  angles  of 
attack  and  small  cavity  lengths,  indicating  that  there  may 
indeed  have  been  some  effect  caused  by  the  impinging  of  the 
re-entrant  jet  on  the  cavity  pressure  tap. 

After  the  series  of  basic  experiments  was  completed, 
ram  effects  were  further  investigated  on  the  large  foil 
by  Jiang  and  Leehey,  this  time  utilizing  a total  head  tube 
for  cavity  pressure  measurement.  The  L-shaped  total  head 
tube  protruded  downwards  into  the  cavity  from  the  upper 
tunnel  wall  so  that  it  was  parallel  to  the  foil  wetted 
surface  and  pointed  towards  the  leading  edge  and  away  from 
the  impinging  re-entrant  jet.  Cavity  pressure  readings 
were  taken  with  both  the  standard  foil  surface  pressure  tap 

f previously  utilized  and  the  total  head  tube,  and  vapor 

i 

pressure  was  calculated  as  was  done  previously;  results  are 
shown  in  Fig.  35.  For  the  larger  attack  angles  and  shorter 
cavities  (higher  cavitation  numbers) , use  of  the  total  head 
tube  significantly  reduced  re-entrant  jet  effects;  the 
result  was  that  cavitation  numbers  calculated  with  total  head 
tube  data  were  as  much  as  5 to  8 percent  higher  than 
cavitation  numbers  calculated  with  data  obtained  from  the 


previously  used  foil  surface  tap.  Although  a similar  check 
was  not  made  on  the  small  and  medium  foils,  it  can  be 
assumed  that  the  same  general  trend  would  occur.  It  should 
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be  noted,  however,  that  data  points  in  Figs,  32  and  33 
exhibit  a more  pronounced  downward  "hook"  at  higher 
cavitation  numbers  than  do  the  large  foil  data  (Figs.  34 
and  35),  a fact  which  accounts  for  the  noticeable  "hooks" 
in  the  lift  and  moment  data  at  the  higher  angles  of 
attack  (see,  for  excimple.  Pigs.  10,  11,  26,  and  27). 

If  the  total  head  tube  had  been  utilized  throughout  the 
entire  series  of  experiments,  these  deviations  from  theory 
at  high  attack  angles  and  short  cavities  would  probably 
have  been  less. 

Influence  of  Static  Pressure  Controller 

As  stated  earlier,  readings  were  taken  for  the  various 
combinations  of  the  two  static  pressure  taps;  this  was 
done  in  order  to  determine  the  effect  of  blockage  on 
pressure  and  velocity  at  the  two  different  tap  positions. 

It  was  anticipated  that  this  variation  in  static  pressure 
tap  combination  would  have  no  effect  on  the  forces  and 
moments  experienced  by  the  foil.  Due  to  the  location  within 
the  system  of  the  static  pressure  controller  (Fig.  3) 

(which  was  inadvertently  overlooked) , the  forces  and  moments 
varied  significantly  when  the  combination  of  static  pressure 
taps  was  changed.  The  explanation  for  this  is  as  follows. 
Before  data  were  taken,  both  static  pressure  taps  were  opened 
and  the  controller  setting  reduced  to  p;  the  actual  static 
pressure  in  the  tunnel  was  decreased  by  the  control  system 
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until  the  combined  signal  from  both  taps  was  p.  When  the 
instrument  readings  settled  out,  data  were  taken.  The 
downstream  static  pressure  tap  was  then  closed,  so  that  the 
only  signal  to  the  controller  was  p^,  which  was  greater  than 
the  controller  setting,  p.  The  controller  therefore  lowered 
the  actual  static  pressure  in  the  tunnel  until  p^  equaled  p. 
Consequently,  the  effective  cavitation  number  (as  seen  by  the 
foil)  decreased,  causing  the  cavity  to  grow.  This  reduced 
the  effective  camber  of  the  foil  and  cavity  combination; 
this  loss  of  effective  camber  resulted  in  a reduction  of  the 
force  and  moment  coefficients  from  their  previous  values. 

On  the  other  hand,  the  measured  cavitation  number  increased 
slightly  due  to  a small  decrease  in  measured  cavity  pressure; 
the  presence  of  the  controller  prevented  the  measured  static 
pressure  from  changing  significantly.  The  opposite  effect 
was  observed  with  the  upstream  tap  open  and  the  downstream 
tap  closed  (i.e.,  an  increase  in  force  and  moment  coefficients, 
an  increase  in  effective  cavitation  number,  and  a slight 
decrease  in  measured  cavitation  number  when  compared  to  the 
case  when  both  pressure  taps  were  open) ; there  were  only  a 
few  of  these  data  points  taken. 

Although  the  desired  pressure  readings  were  not  obtained 
in  the  current  experiment  (i.e.,  the  actual  tunnel  static 
pressure  was  different  for  each  of  the  tap  combinations) , 
the  results  do  show  the  significance  of  the  blockage.  When 
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comparing  the  results  obtained  with  the  different  tap 
combinations  for  the  small  and  medium  foils,  there  was  very 
little  change  in  the  plotted  data  points;  the  increased 
blockage  in  the  case  of  the  large  foil  resulted  in  signi- 
ficantly different  force  and  moment  data.  For  the  sake 
of  clarity,  the  data  for  the  different  tap  combinations  are 
shown  only  for  the  large  foil  at  an  angle  of  attack  of 
14  degrees.  Unless  otherwise  specified,  further  remarks 
concerning  foil  data  will  be  for  the  data  obtained  with  both 
static  pressure  taps  open. 

The  general  trend  of  the  data  agrees  with  the  experi- 
mental results  obtained  by  Kermeen  (see  page  37  of  reference 
[13]) ; he  observed  that  the  longer  the  cavity  in  super- 
cavitating  flow,  the  smaller  the  force  coefficients.  The 
same  conclusion  follows  from  the  theoretical  results  of 
Leehey,  as  may  be  seen  from  Fig.  4 of  reference  [9], 

At  a later  time,  the  system  indicated  by  the  dashed 
lines  in  Fig.  3 will  be  utilized  to  obtain  data  on  the  large 
foil;  the  present  system  would  be  operated  with  only  tap  U 
open  to  provide  an  indication  of  static  pressure  at  "infinity" 
to  the  controller.  This  configuration  will  allow  pressure 
measurements  to  be  made  without  affecting  the  input  signal 
to  the  static  pressure  controller. 
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DISCUSSION 

For  the  small  and  medium  foils,  it  appears  to  be 
necessary  to  correct  only  for  the  effects  of  the  images  of 
the  trailing  vortices  in  accordance  with  standard  wind 
tunnel  procedure.  These  corrections  to  drag  coefficient 
and  effective  angle  of  attack  brought  the  data  into  good 
agreement  with  theory;  the  lift,  moment,  and  cavity  length 
data  also  agreed  well  with  theoretical  predictions.  For 
the  most  part,  the  plots  for  the  small  and  medium  foils 
were  very  close  to  each  other. 

Upon  application  of  the  same  corrections  to  the  large 
foil  data,  good  agreement  with  theory  was  seen  for  the  force 
and  moment  coefficients;  they  were,  hov;ever,  generally 
lower  than  the  data  for  the  smaller  foils,  especially  at 
higher  attack  angles.  The  plot  of  cavity  length  for  the 
large  foil,  however,  showed  substantially  longer  cavities 
than  predicted  by  either  of  the  two  theoretical  models  used 
for  comparison.  The  most  pronounced  deviations  in  cavity 
length  occurred  for  the  long  cavity  (lower  o^/a^)  data. 

When  compared  with  the  data  obtained  from  the  two 
smaller  foils,  the  general  trend  of  the  large  foil  data  is 
in  agreement  with  Baker's  predictions  for  wall  effects  on 
two-dimensional  supercavitating  hydrofoils  [8].  Baker  makes 
the  point  that  the  wall  effect  is  negligible  for  tunnel 
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height-to-foil  chord  ratios  (H/c)  greater  than  10  for 
cambered  foils.  Although  he  makes  no  such  generalizations 
concerning  supercavitating  flat  plates,  (i.e.,  the  case 
applicable  to  the  current  research) , it  is  seen  from 
Figs.  4 through  27  that  the  effect  of  blockage  on  the  force 
and  moment  coefficients  is  not  exceedingly  large.  The 
following  line  of  reasoning  explains  why  the  force  and 
moment  data  for  the  large  foil  were  somewhat  lov;er  than  for 
the  two  smaller  foils.  For  the  three  foils  at  the  same 
cavitation  number  and  at  the  same  angle  of  attack,  the 
magnitude  of  the  velocity  on  the  cavity  wall  of  all  three 
foils  is  (from  linearized  theory) ; consequently,  all 

three  foils  have  identical  pressure  coefficients  on  the 
cavity.  The  largest  foil  experiences  significantly  more 
blockage  than  does  either  of  the  smaller  foils,  so  that  the 
velocity  on  the  wetted  surface  of  the  large  foil  is  much 
higher  than  for  either  of  the  smaller  foils;  the  pressure 
coefficient  on  the  wetted  surface  of  the  largest  foil  is 
therefore  the  least  of  all  three  foils,  resulting  in  smaller 
lift,  drag,  and  moment  coefficients  than  for  either  of  the 
smaller  foils.  It  is  interesting  to  note  that  this  overall 
effect  is  contrary  to  blockage  effects  experienced  in 
subcavitating  water  tunnel  or  wind  tunnel  testing,  where 
force  and  moment  coefficients  are  increased. 
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Baker  also  questions  the  sharp  increase  in  wall  effect 
predicted  by  Wu,  Whitney,  amd  Lin  [6J  for  thin  synunetric 
wedges  or  for  small  attack  angles  in  the  lifting  flow  case. 
The  results  of  the  present  work  do  not  show  a marked 
increase  in  wall  effect  on  force  and  moment  coefficients  at 
the  lower  angles  of  attack,  in  agreement  with  Baker. 

Conversely,  Baker's  results  indicate  that  the  wall 
effect  on  the  cavity  plus  wake  can  be  tremendous.  In  the 
current  research,  this  is,  in  fact,  the  most  significant 
departure  of  the  large  foil  data  from  the  theoretical  pre- 
dictions and  from  the  data  of  the  two  smaller  foils  (Figs.  28 
through  30) . 

Several  attempts  were  made  to  bring  the  large  foil  data 
into  closer  agreement  with  the  small  and  medium  foil  data  by 
using  existing  two-dimensional  blockage  corrections.  Wu, 
Whitney,  and  Brennen  [4]  derive  wall  effect  corrections 
for  the  two-dimensional  pure-drag  (wedge)  case,  employing 
the  open-wake  and  Riabouchinsky  models.  Wu,  VJhitney,  and 
Lin  [6]  consider  wall  effects  in  two-dimensional  lifting 
cavity  flows,  a situation  more  applicable  to  the  current 
research;  Baker  [8]  utilizes  a computer  program  to  translate 
this  into  information  which  could  be  readily  applied  to 
correct  experimental  data. 
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The  pure-drag,  open-wake  model  employs  corrections  to 
both  drag  coefficient  and  cavitation  number.  The  drag 
coefficient  corrected  for  blockage,  , can  be  expressed  as 


1+a' 


1+0, 


Cj^  + 0(X‘)  , 


(1) 


where  o',  the  cavitation  number  corrected  for  blockage,  is 
given  by 


o' 


= o. 


CjjX  + 0{X^)  , 


(2) 


where  is  the  measured  cavitation  number,  Cj^  is  the  drag 
coefficient  as  defined  in  the  nomenclature,  and  X is  the 
ratio  of  foil  frontal  width  to  tunnel  width,  which  may  be 
expressed  as 

(mean  chord)  x sin (a) 

X = . (3) 

tunnel  width 

For  the  large  foil  with  X defined  in  this  fashion,  X = 0.30 

sin  (a) . Application  of  the  above  corrections  to  the  large 

foil  data  shifted  the  data  points  down  and  to  the  left  on 

2 

the  plots  of  Cjj/a,p  vs.  (Figs.  12  through  19)  but  did 

not  bring  the  data  into  emy  closer  agreement  with  the  small 
and  medium  foil  data.  When  the  cavity  length  data  for  the 
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large  foil  were  replotted  using  the  corrected  cavitation 
numbers,  the  data  points  in  Fig.  30  were  moved  downward; 
this  downward  movement  was  not  sufficient,  however,  to  bring 
the  large  foil  cavity  lengths  into  agreement  with  either 
theory  or  the  small  and  medium  foil  data. 

Actually,  the  straightforward  application  of  such  a 
two-dimensional  correction  to  the  case  of  a finite-span 
wing  should  overcorrect  for  blockage,  making  A much  larger 
than  it  should  be . Perhaps  a better  representation  of  X 
for  the  finite-span  case  would  be 


Recalculating  the  corrections  using  in  place  of  X in 

equaticns  (1)  and  (2)  would  make  the  corrections  even  smaller 
than  previously  calculated.  Since  the  previous  corrections 
proved  to  be  inadequate,  there  is  no  reason  to  believe  that 
the  modified  corrections  should  be  any  better. 

To  correct  measured  cavitation  number  and  measured 
drag  coefficient  utilizing  the  Riabouchinsky  model,  it  is 
necessary  to  obtain  pj^,  the  minimum  pressure  reading  along 
the  wall  in  the  region  of  the  cavity.  Equation  (1)  is  again 
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used  to  correct  the  drag  coefficient,  but  now  the  corrected 
cavitation  number  is  calculated  as 

a’  = (2/3)o^  + (l/3)a' ’ (5) 

where  o’*  is  the  cavitation  number  based  on  p^,  Pj^,  and 

maximum  velocity,  V,  and  where  a is  the  cavitation  number 

c 

based  on  p_,  p_,  and  upstream  velocity,  U.  It  had  orginally 
been  hoped  that  a reasonably  close  measurement  of  the  minimum 
pressure  could  be  obtained  by  using  only  the  downstrecim  tap 
(tap  D in  Fig.  3) ; as  was  shown  earlier,  the  interaction  of 
the  static  pressure  controller  precluded  making  this  measure- 
ment accurately.  In  an  attempt  to  apply  the  correction  based 
on  the  Riabouchinsky  model,  the  gross  assxamption  was  made 
that  the  maximum  frontal  area  of  the  cavity  was  approximately 
the  same  as  the  frontal  area  of  the  foil;  utilizing  a 
continuity  argument  and  the  steady-flow  Bernoulli  equation, 
the  pressure  minimum  was  estimated,  thus  allowing  application 
of  the  wall  effect  correction  based  on  the  Riabouchinsky 
model.  Unfortunately,  this  procedure  gave  results  which 
were  comparable  to  those  obtained  using  the  open-wake  model. 
The  failure  of  both  models  in  the  current  application 
should  not  be  surprising  since  they  were  designed  for  two- 
dimensional,  pure-drag  cavity  flows,  and  not  for  three- 
dimensional,  lifting  cavity  flows. 


I 


-J2- 


I 


I 

♦ 


1 


Whereas  the  pure-drag  wall  effect  corrections  changed 
both  drag  coefficient  and  cavitation  number,  the  results 
of  Baker's  computerization  of  the  two-dimensional  Wu,  Whitney, 
and  Lin  [6]  lifting  case  wall  effect  model  are  presented 
in  terms  of  a change  to  the  force  coefficients  (i,e., 
drag  and  lift  coefficients  in  this  case) , referenced  to  the 
uncorrected  measured  cavitation  number,  Accordingly, 

Baker's  corrections  to  the  lift  and  drag  coefficients  are 
expressed  as  a percentage  difference  from  the  free  stream 
condition.  He  presents  data  for  only  one  ratio  of  tunnel 
height-to-arclength  (i.e.,  chord  length),  H/c  = 4. 

Calculating  this  ratio  using  the  mean  chord  of  the  large  foil 
gives  H/c  = 3.33;  recalculating  H/c  as  the  ratio  of  tunnel 
cross-sectional  area  to  foil  area,  H/c  = 4.48  is  obtained. 

It  was  concluded,  therefore,  that  the  H/c  = 4 corrections 
given  by  Baker  should  be  suitable  for  correction  of  the  large 
foil  data.  Upon  application  of  these  additive  corrections 
to  both  lift  and  drag  data,  it  was  found  to  bring  the  large 
foil  data  into  close  agreement  with  the  small  and  medium 
foil  data. 

Because  an  infinite  wake  model  is  utilized  in 


reference  L8],  Baker's  results  give  no  correction  for  the 
extremely  large  cavity  lengths  recorded  for  the  large  foil. 
His  results  do  show,  however,  that  as  blockage  increases. 


3- 

the  nondimens ional  cavity  thickness  increases.  This  was 
borne  out  nicely  when  the  cavitation  characteristics  of  the 
three  foils  utilized  in  the  current  research  were  compared 
at  an  angle  of  attack  of  8 degrees.  On  the  small  foil, 
which  produced  the  least  blockage,  supercavitation  was  never 
totally  achieved,  no  matter  how  low  the  static  pressure  was 
brought.  For  the  medium  and  large  foils,  which  produced  more 
blockage  than  did  the  small  foil,  cavity  termination  was 
achieved  behind  the  foil  over  a range  of  static  pressures. 
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CONCLUSIONS 

As  a general  rule,  the  agreement  of  the  experimental 
data  with  unbounded  flow  theory  was  good  for  the  small  and 
medium  foils,  whose  ratios  of  half-span  to  tunnel  width 
were  1/4  and  1/2,  respectively,  and  whose  ratios  of  tunnel 
height  to  mean  chord  were  approximately  10  and  5,  respectively. 
It  appeared  that  in  order  to  bring  the  small  foil  and  medium 
foil  data  into  agreement  with  theory,  it  was  necessary  to 
apply  only  standard  wind  tunnel  procedures  in  correcting 
for  the  effects  of  the  images  of  the  trailing  vortices. 

Of  the  three  geometrically  similar  aspect  ratio  five  foils, 
the  largest  foil,  which  protruded  3/4  of  the  way  into  the 
tunnel,  and  which  had  a ratio  of  tunnel  height  to  mean  chord 
of  approximately  3.33,  had  force  and  moment  data  which  were 
close  to  the  small  and  medium  foil  data,  although  slightly 
lower;  the  cavity  length  data  for  the  large  foil  differed 
greatly  from  the  small  and  medium  foil  data,  showing  much 
longer  cavities  for  the  same  ratio  of  cavitation  number  to 
angle  of  attack.  It  is  evident  that  blockage  corrections 
are  required  in  addition  to  the  standard  wind  tunnel  down- 
wash  corrections. 

Application  and  modification  of  blockage  corrections 
based  on  various  two-dimensional  pure-drag  cavity  flow  models 
failed  to  bring  the  large  foil  data  into  agreement  with  the 
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data  for  the  two  smaller  foils.  It  was  found,  however,  that 
corrections  based  on  a two-dimensional  lifting  cavity  flow 
model  brought  the  large  foil  force  coefficient  data  into 
much  closer  agreement  with  the  snail  and  medium  foil 
data.  While  these  force  coefficient  corrections  were  found 
to  give  an  "engineering  order  of  accuracy, " no  corrections 
have  been  found  which  give  adequate  corrections  to  the  large 
foil  cavity  length  data;  it  is  clearly  evident  that  further 
analytical  work  is  necessary  in  this  area. 

It  is  recommended  that  for  future  experiments,  a static 
pressure  measuring  system  similar  to  that  depicted  in  Fig.  3 
be  utilized. 
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FIG.  10 : Cl /Qy  V*  a^/Qj  , a-ie.o* 
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APPENDIX  I 

Standard  Wind  Tunnel  Corrections  for  Effects  of 
Images  of  Trailing  Vortic^ 

The  experimental  data  shown  in  Figs.  4 through  30  are 
corrected  for  the  apparent  upwash  due  to  the  interference 
of  the  tunnel  walls,  in  accordance  with  standard  wind 
tunnel  practice.  The  boundary  condition  of  zero  normal 
velocity  at  the  tunnel  walls  is  satisfied  in  the  analytical 
treatment  of  the  problem  by  introducing  a doubly  infinite 
system  of  image  vortices;  the  interference  due  to  the 
presence  of  the  tunnel  walls  is  then  calculated  to  be  the 
interference  caused  by  the  series  of  vortex  images  on  the 
flow  at  the  model.  The  net  result  is  an  additive  correction 
to  the  induced  drag  and  the  angle  of  attack  (to  be  perfectly 
correct,  there  is  also  a slight  negative  correction  to  the 
measured  lift,  but  this  is  usually  neglected) . Upon 
application  of  the  correction  factor,  the  flow  about  the 
model  is  transformed  to  the  flow  which  would  be  seen  if  the 
foil  were  in  an  infinite  stream. 

Since  the  hydrofoils  tested  in  the  square  tunnel  v«ere 
only  of  half-span,  a full-span  model  would  require  a duplex 
tunnel  (that  is,  one  whose  ratio  of  height  to  width  is  1/2). 
The  ratio  of  model  span  to  tunnel  width  for  the  small,  medium, 
and  large  foils  is  1/4,  1/2,  and  3/4,  respectively.  Entering 
Fig.  6.34  of  Pope  and  Harper  [1],  6,  the  tunnel  correction 


V 
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factor  for  the  influence  of  the  images  of  the  trailing 

vortex  system  was  found  to  be  0.126  for  the  small,  0.104  for 

the  medium,  and  0.092  for  the  large  foil.  If  the  ratio  of 

the  foil  area  to  tunnel  cross-sectional  area  is  S/S  , then 

o 

the  change  in  angle  of  attack  is 

Aa.  = 6^  Ct  • (radians)  (I-l) 

i O _ ij 

O 

The  maximum  value  for  Aa^  encountered  in  the  experiments  was 
1.47  degrees.  VJhen  Aa^  is  added  to  the  measured  geometrical 
angle  of  attack,  a,  the  "true"  angle  of  attack  is  obtained 

u,p  = a + Aa^  . ( 1-2 ) 

(In  addition  to  the  above  correction,  the  data  reduction 
program  accounted  for  the  dynamometer  shaft  twist,  which 
never  exceeded  0.06  degree.)  The  change  in  induced  drag  is 


= Aa^  (1-3) 

so  that  the  total  drag  coefficient  is 


c = C 


+ AC 


uncor 


^i 


(I--4) 


where  is  the  uncorrected  drag  coefficient  calculated 

^uncor 

from  the  raw  experimental  data. 
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APPENDIX  II 

Leehey's  Matched  Asymptotic  Solution  for 
Supercavitating  Hydrofoils  of 
Large  Aspect  Ratio 


A synopsis  of  Leehey's  theoretical  results,  as  derived 
in  references  [9]  and  [ll],  is  given. 

Leehey's  linearized  steady-flow  theory,  which  utilizes 
the  method  of  matched  asymptotic  expansions,  is  valid  to 
first  order  in  angle  of  attack,  and  to  second  order  in  the 
reciprocal  of  the  aspect  ratio.  Gravitational  effects  were 
neglected  in  the  derivation.  The  analysis  shows  that  the 
lift,  drag,  and  moment  coefficients,  and  non-dimensional 
cavity  length  (measured  from  midchord)  are  given  by  the 
following  relationships: 

ira  [ 2sinY-l  ] 

= U -,  (II-l) 

sinY(l+sinY)  [ A(l+sinY), 


ira 


sin  Y (1+sinY) 


2sinY-l  1 


A (1+sinY) 


(II-2) 


-4a 


TT  ( 1+sinY)  ^ 


1 - 


and 


l-2sinY+2sin^Y 
A sinY (1+sinY) 
2 


L/C  = sec  Y - 1/2  - 


8 


naA 


^2D 


(II-3) 


(II-4) 


where  C.  , the  two-'’  mei.f  xonal  lift  coefficient  may  be 
^2D 


expressed  as 
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TT(X 


siny (1+siny) 


(II-5) 


and  where 

Y 


arctan 


(II-6) 


and 


Poo  Pc 

a = . 

(l/2)pu2 


(II-7) 


Experiments  performed  by  Leehey  and  Stellinger  l9]  showed 
that  the  ab.  ■''<  predictions  for  lift  and  drag  coefficients 
and  for  cavity  lengths  were  good;  it  was  evident  from  the 
experimental  results,  however,  that  lifting  surface  corrections 
would  be  needed  to  improve  the  moment  coefficient  prediction. 
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APPENDIX  III 

Numerical  Lifting  Surface  Theory  for  Supercavitatinq 
Hydrofoils  of  Finite  Span 

A brief  description  of  the  numerical  lifting  surface 
theory  developed  by  Jiang  and  Leehey  [12]  for  supercavitating 
hydrofoils  of  finite  span  will  be  given. 

The  steady  flow  theory  is  linearized  for  application 
to  thin  wings  at  small  attack  angles.  Discrete  sources  and 
vortices  are  utilized  in  the  representation  of  the  physical 
model,  and  the  coupled  integral  equations  are  reduced  to  a 
set  of  simultaneous  algebraic  equations.  The  cavity  closure 
condition  is  applied  stripwise  on  the  cavity  in  an  iterative 
process  to  obtain  the  desired  cavitation  number  over  the 
supercavitated  planform. 

This  numerical  theory  should  prove  to  be  more  accurate 
than  the  asymptotic  theory  of  Leehey  [ll];  an  implicit 
assumption  in  the  latter  theory  is  that  the  cavity  length  is 
less  than  the  span,  so  that  for  small  o^/ot  (i.e.,  long 
cavities) , the  numerical  theory  should  indeed  give  better 
predictions.  It  should  be  noted,  also,  that  for  the 
a/ctrj,  = 1.0  curves  in  Figs.  4,  5,  7,  and  8 of  reference  [9], 
there  is  an  ever-present  difference  between  the  experimental 
data  and  Leehey 's  asymptotic  theoretical  predictions  for 
lift  and  drag  coefficients.  For  long  and  short  cavities, 
however,  there  is  an  even  stronger  disagreement  between  data 
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and  Leehey's  predictions  for  moment  coefficient  (Figs.  9 
and  10  of  reference  [9]) . The  numerical  lifting  surface 
theory  was  developed  in  an  attempt  to  overcome  these 
difficulties . 

The  foil-cavity  surface  is  collapsed  to  become  a 
region  in  the  (x-z)  plane  of  the  foil.  The  relationships 
for  the  jump  in  the  tangential  and  normal  components  of 
the  perturbation  velocity  upon  crossing  the  foil  surface 
and  cavity  projection  surface  are: 

u(x,z,''’o)  - u(x,z,  0)  = -y(x,z),  (III-l) 

v(x,z,''^0)  - v(x,z,  0)  = q(x,z),  (III-2) 


where  y and  q are  the  vortex  and  source  distributions, 
respectively.  The  boundary  conditions  are: 


v(x,z,  0) 


dy  ( x , z , 0 ) 


dx 


on  the  foil 
wetted  surface 


(III-3) 


u = 0^/2 


on  the  cavity 
boundary 


•i.  (z> 

q(C,;)dC  = 0 

x^(z) 


cavity  closure 
condition,  (III-5) 


where  ll(z)  is  the  cavity  length,  measured  from  the  leading 
edge  as  a function  of  spanwise  position,  and  Xj^(z)  is  the 
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chordwise  coordinate  of  the  leading  edge  as  a function  of 
spanwise  position. 

The  discrete  vortex  and  source  method  is  utilized  in 
the  formulation  of  a series  of  simultaneous  equations. 

Upon  subdividing  the  pro  jected  surf  ace  into  small  elements, 
a discrete  bound  vortex,  a trailing  vortex,  and  a source 
are  located  within  each  of  these  elements.  The  bound 
vortex  is  situated  on  the  quarter-chord  line  of  each  element, 
and  induced  velocities  are  calculated  for  all  elements  at 
their  midspan,  three-quarter  chord  positions.  The 
concentrated  source  is  taken  to  be  a constant  distribution 
across  each  element  at  its  three-quarter  chord  position. 

The  boundary  condition  of  fixed  cavity  pressure  is  imposed 
on  each  element  at  its  midspan,  quarter-chord  position. 
Utilizing  these  boundary  conditions,  the  following  equations 
are  obtained: 


1 

4it 
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i/ j 


1 ^ 
2 
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a 2-n 


i jki 
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= 0 


1,  . 
1,  . 
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(III-6) 

(111-7) 
> Ml 

(III-8) 


and  b 


ijk^ 


are  the  v and  u velocities  at  the  (k,)l) 
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-th  control  point  induced  by  the  unit  strength  vortex  and 
source  at  element  {i,j).  For  the  (i,j)-th  element,  is 

the  element  length,  the  discrete  vortex  strength,  and 

the  discrete  source  strength.  Ml  and  N are  the  number 
of  elements  on  the  foil  along  the  chord  and  span,  respectively. 
M is  the  number  of  elements  along  the  chord  in  the  cavity. 
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APPENDIX  IV 
Data  Printout 


For  each  foil  at  each  angle  of  attack,  a complete 
printout  of  the  data  is  given.  The  data  points  are  given 
in  nondimensional  form  with  no  wall  effect  corrections 
applied,  and  then  with  corrections  applied  to  account  for 
the  effects  of  the  images  of  the  trailing  vortex  system 
(Appendix  I) , 

The  format  for  the  run  numbers  is  Q-XXX-YY,  where  Q 
is  the  foil  tested  (S  for  small,  M for  medium,  and  L for 
large) , XXX  is  a,  the  geometric  angle  of  attack  in 
degrees  and  YY  is  the  run  number  for  this  foil  at  this 
attack  angle. 
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star  c«riT«ria«  unneEit  corpjted  kith  c*i.cui.*t)io  TIM*  przssorb 

CO  CIIA3  COCrPICIZKT.  CORIIECTtO  rOR  EPPECTS  OF  XRAOIS  OP  TRRII.ZIO  PORTICIS 
(0/L)  CORRECTED  DRRG-TO-LIPT  RATIO  • CD/CL 

CRPtril  CAPZTT  LENGTH  REA  SORED  PROS  RIDCHORO  AT  CIL'TROXD  POSITIOI,  lOROXRIRSIOIAUXIt  01  RtAI  CMIt 
(OITA I NED  PROR  PROIOG RAPES) 


of  r.**  Cngir.  crlt.-'j, 

K'l’Of  t B J4dl- J 

An  tnvi'*4Ciq.\tion  of  w.tll 

Pffocts  on  Su{>ctcjvltatln<j  Hydrofoil! 
of  riniCo  Sp.«n.  ^>y  Micttjcl  K.  lUlxnor, 

«>uly  l'J77(  110  i nustr>'%t«d. 

UNri^''5inF.'> 

A fK'OOK'trlcally  alnxlAr  (.uni  ly  of  thr«'o  Cavity 
■t>}4*rcjvitatin<|  hy^lrofollc  tested  in  How 
tiM.  M.t.V.  vatlnlile  |>r*'Hhurc  wncor  tunr.ni. 

Iltc  h«ilt*epan  foil«  of  •lliptlcal  Hydrofoils 

planft'ni;  ch«  rstlo  of  foil  half-span  to 

tunnel  WAS  1/4  for  the  ssioli  foil.  Wall 

J/2  for  the  swdiun  foil,  anj  V4  for  Die  Effects 

l-itqest  foil.  The  tunnel  was  of  squ.ire 

cross  section.  Lift,  dean,  moa»nt, 

tunru'l  rpead.  a’?4>icnt  pr-.  satire,  and  cavity 

prsHSuro  wwra  wasured  for  attack  angles 

/ro«  9 to  21  degrees  and  a variety  of 

aebient  pressure  setting^}  cavity  length 

s«>a«uresirnta  w^re  obtained  fro*  photo- 

graphs.  Results  were  roei(mreJ  with  thco- 

ri.tical  resales  chtainod  by  L^ehey,  and 

also  vi  th  a eore  dctnilad  nunerical 

lifting  s.irfaoe  procedure  developed  by 

Jiang  and  leehey.  Foi  the  small  and 

CKidium  foils  it  was  sufficient  to  correct 

only  for  the  effect  '>n  downwash  of  the 

isvtgas  of  the  trailing  vortices.  The 

lerge  foil  data.  hoc;avrcr,  required  further 

correction:  upon  epplication  of  the  same 

corrvctlors  tdiich  were  applied  to  the 

data  for  the  two  sshaller  foils,  the  force 

and  eonont  data  for  the  large  foil  plotted 

slightly  luwer  than  did  the  data  for  ttie 

two  sraller  foils,  «4>ile  the  cevity  length 

data  for  the  large  foil  indicatedcavlty 

lengths  significantly  larger  than  fot  either 

of  the  theoretical  predictions  or  the  cavity 

length  data  for  the  two  souller  foils. 

Through  tt>e  application  of  existing  two- 
dimensional  corrections,  the  force  data  for 
the  large  foil  wore  brougftt  Into  close 
egreemnnt  with  the  force  data  for  the  two 
siMller  foils,  but  no  suitable  correction 
factors  exist  for  the  cavity  length  data. 


f.I.T.,  Lnq  irtM'i't  of  t'Ci  «n  Pnglneeilng, 

Hr-lH.rt  81401-) 

An  Fxpt*rls«.*nr<t1  Invv"itl<|.itinn  of  tf.ili 
llffncls  on  Su|<rt:.ivit.itin<j  Hydrofoils 
of  Finite  Fpan,  by  Kirli.)vl  a.  Maixner/ 

July  1077,  IX  pagoM,  illustrated. 

imCLASRlFIlb 

A goofsutricaliy  sinilar  family  of  thico  Cavity 
*'up«-rc«ivitating  hyJiofofls  was  tested  In  Flow 
tie'  H.  f.T.  vart.Ujlc  ptossure  wator  tumt<tl. 

Th.*  half-span  foils  were  of  elliptical  Hydrofoils 

planform:  the  ratio  of  foil  half-spar,  to 

tunnel  height  wan  1/4  for  the  sbmH  foil,  W.ill 

1/2  foi  the  meUium  foil,  and  }/4  for  the  Effects 

largest  foil.  The  tunnel  was  of  squ.ire 

cross  section.  Lift,  drag,  mamtnt, 

tuunel  t.pced.  ambient  pressure,  and  cavity 

pressure  were  measured  for  attack  angles 

from  8 to  21  degrees  /ind  a variety  of 

aslant  pressure  settlngm  cavity  length 

raaxur«i»*nts  were  obtained  from  photo- 

era|>ha.  Results  woro  conpaced  with  theo- 

ivtical  results  obtained  by  Leehcy,  and 

also  with  a sure  detailed  nunerical 

lifting  surface  procedure  developed  by 

Jiang  and  I^choy.  For  the  small  end 

tedium  foils  it  was  sufficient  to  correct 

only  for  the  effect  on  downwash  of  the 

iimiges  of  the  trailing  vortices.  The 

lergo  foil  data,  howevt  r,  required  further 

correction:  upon  application  of  the  same 

corrections  which  were  epi'liod  to  the 

data  for  the  two  smallec  foils,  the  force 

and  moment  data  for  the  targri  foil  plotted 

slightly  lower  than  did  the  data  for  the 

two  smaller  foils,  while  the  cavity  length 

data  for  the  large  foil  Indicated cevi ty 

lengths  significantly  laignr  than  for  either 

of  the  theoretical  predictions  or  the  cavity 

length  data  for  the  two  smaller  foils. 

Through  the  application  of  existing  two- 
dimensional  corrections,  the  force  data  for 
the  large  foil  were  brought  into  close 
sgreemont  with  the  force  data  for  the  two 
••eller  foils,  but  no  suitable  correction 
factors  exist  for  the  cavity  length  deta. 
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N.T.T.,  Department  of  ucean  Engineering, 

Deport  81481- ) 

An  Experimental  Investigation  of  Vail 
Effects  on  Supercavi tating  Hydcefoils 
of  Finite  Span,  by  Michael  8.  Maixner, 

Joly  1877,  1)0  peges,  illustrated. 

UNCLASSIFIED 

A geometricelly  eimilar  fesUly  of  three  Cavity 
eupercavitating  hydrofoils  was  tested  in  Flow 
the  M.l.T.  verleble  pressure  water  tunnel. 

The  half-span  foils  were  of  elliptical  Hydrofotle 
planform:  the  ratio  of  foil  half-span  to 
tunnel  height  was  1/4  for  the  tmell  foil.  Veil 
t/2  for  the  medium  foil,  and  )/4  for  tlie  Effects 
largest  foil.  The  tunnel  was  of  square 
eroee  section.  Lift,  drag,  moment, 
tunnel  sp*>»d,  aabient  pressure,  and  cavity 
pressure  were  msasuced  for  attack  angles 
from  • to  21  degrees  and  a varlaty  of 
ast^lenf  pressure  settings;  cavity  langth 
■raeurem*nts  were  obtained  from  photo- 
graphs. Results  were  compared  with  theo- 
ictieal  results  ebtainad  by  Leehey,  and 
also  with  a more  detailed  numerical 
lifting  surface  procedure  developed  by 
Jiang  end  l^hey.  For  the  smell  end 
medium  foils  it  wes  sufficient  to  correct 
only  for  the  effect  on  dowitwash  of  the 
ituges  of  the  trailing  i^rtices.  Tha 
largn  foil  data,  however,  ri'quired  furthar 
correction;  upon  opplicntion  of  the  samo 
corrections  which  were  applied  to  the 
data  for  t>>e  two  ssMllet  foils,  the  force 
and  r aant  data  for  the  lerge  foil  plotted 
slightly  tower  than  did  tha  data  for  the 
two  ssaller  foils,  while  the  csvlty  Isngth 
date  for  the  Isrgs  foil  indiceimdosvity 
lengths  si gnlfieentiy  Isr'pir  then  for  either 
•C  the  theoretiesl  predictions  or  the  ssvity 
length  date  for  the  two  smsllar  foils. 

1hruw<#i  the  spplicstlon  of  sxlatlng  two- 
dlsmnelonsl  esrrsetlcMs,  the  fores  data  for 
the  large  foil  were  brought,  into  elmss 
egioesmmt  with  9hm  fores  data  for  the  two 
asieller  foils,  but  no  aultsbl#  eotractien 
fdctmrs  Ssist  for  the  csvlty  leggtfl  dstd. 


M. t.T. , Department  of  Ocean  Engineering, 

Dsiort  83461-1 

An  Experimental  Investigation  of  Well 
Effects  on  Supcrcavitating  Hydrofoils 
of  Finite  Span,  by  Michael  8.  Naijcrter, 

July  1977,  IX  pages,  illustrated. 

uncLASsxrxco 

A geonetricelly  similar  fasiily  of  three  Cavity 
supcrcavitating  hydrofoils  wss  tested  In  Plow 
the  M.l.T.  vati^le  prensure  water  tunnel. 

The  half-span  foils  were  of  elliptical  Hydrofoils 
planform;  the  ratio  of  foil  half-span  to 
tunnel  height  wes  1/4  for  the  small  foil.  Wall 
1/2  for  tha  medium  foil,  and  3/4  for  the  Effects 
largest  foil.  The  tunnel  wss  of  squsrs 
cross  section.  Lift,  drag,  momsnt, 
tunnsl  spnsd,  asbisnt  pressure,  end  cavity 
pressure  were  mtssured  for  ettsck  angles 
from  6 to  21  degrees  end  s veristy  of 
sibient  pressure  settings;  cevity  length 
measuromsnts  wars  obtsinsd  from  photo- 
graphs. Hmsults  wars  corgiered  with  thso- 
rstical  results  obtained  by  Leehay,  and 
also  with  a mors  detailed  ;)umcrieal 
lifting  surfaos  procedure  developed  by 
Jiang  and  t/»ehsy.  lor  the  small  and 
asdium  foils  it  was  sufficient  to  correct 
only  for  the  effect  on  downwesh  of  the 
Imsges  of  the  trailing  wurtices.  The 
large  foil  date,  howsvur,  requited  further 
correction;  upon  spplicetlonof  the  same 
corrections  whirl,  were  applied  to  the 
data  for  the  two  ssmller  felle,  the  force 
and  anmnnt  data  for  the  Isrge  foil  plotted 
slightly  lower  than  did  the  data  for  the 
two  ssmllsr  foils,  while  tha  cavity  Isngth 
data  for  the  large  foil  imUcaiod cavity 
lengths  slgnlflcomtly  larger  them  for  either 
of  the  theoraticel  pred'ctlnns  or  the  cavity 
length  data  for  tha  two  siMller  foils. 

Through  the  application  of  sxlstlng  two* 
dimmiwilonal  eorroctions,  the  fores  data  for 
the  lerge  foil  were  brought  into  aloos 
agreement  with  the  force  data  for  tha  two 
smsllar  folia,  but  no  auit4*U  corrootlom 
fai.tora  salat  for  tho  evwity  lomgtJk  data. 


